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Abstract 
The flagellar motor of Escherichia coli (E. coli) is driven by a proton-motive force (PMF), hence it was of interest o determine 
whether the motor is symmetrical in the sense that it can be rotated by any polarity of PMF. For this purpose the cells had to be 
deenergized first. Conventional deenergization procedures caused irreversible loss of motility, presumably due to ATP-dependent 
degradative processes. However, E. coli cells deenergized by incubation with arsenate manifested a slow, reversible depletion of PMF. In 
this procedure there was a sufficiently long time window, during which a considerable proportion of the cells lost their motility and could 
be made to rotate again by ,'m artificially-imposed PMF. The motors of these cells rotated in response to any PMF polarity, but positive 
and negative polarities rotated ifferent sub-populations of cells and the direction was almost exclusively counterclockwise. The reason 
for the unidirectionality of the rotation was not the intervention of the chemotaxis system. A number of potential reasons are suggested. 
One is the arsenate ffect on the motor function found previously [Margolin, Y., Barak, R. and Eisenbach, M. (1994) J. Bacteriol. 176, 
5547-5549], A possible interaction between arsenate and the motor is discussed. 
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1. Introduction 
Bacteria swim by rotating their flagella. The rotation is 
carried out by a motor located at the base of  each flagel- 
lum and embedded in the cytoplasmic membrane [1] (see 
Refs. [2-5] for reviews). The motor is driven by the 
proton-motive force (PMF) (see Refs. [2,6-9] for reviews), 
actually by a proton (or hydroxyl-ion) current hrough the 
motor [10-13]. Modulation of the direction of flagellar 
rotation is the 'heart' of the chemotaxis machinery in 
bacteria. Chemical stimuli affect the direction of flagellar 
rotation and thereby modulate the swimming of the bacte- 
ria so that they can approach attractants and retreat from 
repellents (see Refs. [14-18] for recent general reviews on 
chemotaxis). The direction of rotation of the motor is 
changed by a 'gear shift' or a 'switch', located at the 
motor base. This is a site which receives chemotactic 
signals and, accordingly, modulates the direction of rota- 
tion (see Refs. [19,20] for recent reviews). 
Due to the vast knowledge of the genetics of the 
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Gram-negative bacteria Escherichia coli (E. coli) and 
Salmonella typhimurium, they have been the subject of 
most of the chemotaxis tudies published to date. In con- 
trast, most studies of the motor function (as distinct from 
the studies of motor genetics) have been on Gram-positive 
bacteria such as Streptococcus spp. The main reason for 
this is that the motor function in these bacteria is totally 
dependent on an exogenous supply of energy, which makes 
the motor susceptible to manipulations of the investigator 
[21]. Thus, by deenergizing Streptococcus cells and artifi- 
cially imposing different polarities of PMF, it was shown 
that the motor of these bacteria is rotationally symmetrical, 
i.e., it can be rotated by any polarity of PMF, and the 
direction of rotation changes with the sign of the PMF 
[22]. (The latter observation was made in a mutant that 
cannot respond chemotactically to changes in pH.) The 
motors of Gram-positive and Gram-negative bacteria are 
structurally similar but not identical [23,24]. It is presumed 
that the similarity extends to the function of the motor. The 
aim of this study was to test this presumption and to 
examine whether the motor of Gram-negative bacteria, like 
the motor of Gram-positive bacteria, is rotationally sym- 
metrical. 
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2. Materials and methods 
2.1. Bacterial strains 
The E. coli strains used were: RP437, wild-type for 
chemotaxis [25]; TA3952, an uncA702 mutant [26]; and 
RPI091, a A(cheA-cheZ) mutant [27]. The cells were 
grown as described [28] in Vogel-Bonner minimal medium 
[29] or H-1 minimal medium of Kaiser and Hogness [30] 
supplemented with the required amino acids (1 mM each) 
and glycerol (0.5% v/v).  
2.2. Chemicals 
[14C]tetraphenylphosphonium (TPP ÷) was from Amer- 
sham. Non-radioactive TPP ÷ was from Sigma. Other 
chemicals were of analytical grade. 
2.3. Flagellar rotation 
Flagellar rotation was assayed by the tethering tech- 
nique [31] as described [32], using a flow chamber [33]. 
The assay was carried out at 25 ° C, unless indicated other- 
wise. 
2.4. Treatment of intact bacteria with arsenate 
Unless specified otherwise, E. coli cells were grown as 
described above in H-1 minimal medium supplemented 
with glycerol as an energy and carbon source. When 
reaching mid-log phase (OD590 = 0.5), the cells were har- 
vested, washed 3 times, and resuspended in arsenate buffer 
consisting of 10 mM arsenate (pH 7.5 unless indicated 
otherwise) and 0.1 mM tetraethylenepentamine (Tetren). 
The cells were incubated in this medium at 25°C with 
efficient aeration for the indicated period of time (usually 
2 h). For tethering, anti-flagellin antibodies dialyzed 
overnight (in 50-100 /xl portions) against 1 1 of solution 
[consisting of 50 mM Tris-HC1 (pH 7.9) and 0.1 mM 
EDTA] were used. This was done in order to remove from 
the serum electron donors for respiration and other low- 
molecular-weight substances that could potentially serve as 
energy sources. 
were tethered to coverslips and then exposed to DNP (3 
mM in 50 mM potassium phosphate buffer, pH 7.65) in 
the flow chamber. Periodically, the flow medium was 
changed to DNP-free potassium phosphate buffer and the 
chamber with the tethered cells were washed for 5 min so 
as to remove the DNP and allow flagellar otation. 
2.6. Measurement ofPMF and ATP level 
The membrane potential (Aq t) was measured by the 
filtration method as described [34], using the accumulation 
of [14C]TPP+ (10 /zM, 25 /xCi/ml) as a probe. Since the 
suspending medium did not contain Mg 2+, there was no 
need to permeabilize the outer membrane of the bacterial 
cells for making the TPP + probe permeant. The measure- 
ment of pHin and ApH was carried out by the centrifuga- 
tion technique as described [35], using [14C]benzoate (15 
/xM, 0.4 /zCi/ml) as a probe for ApH, and [14C]inulin 
(0.5 mg/ml,  2.5 /zCi/ml) and 3H20 (7 /zCi/ml) as 
probes for the external and total water space, respectively, 
and using the value of 0.43 as the fraction of the internal 
water space. The ATP level in the cells was measured by 
the luciferine-luciferase method [36], using a Lumac/3M 
Biocounter, model 2010A. Each measurement was per- 
formed in duplicate. The calculation was based on an 
internal volume of 2.2 /z l /mg protein. Before the actual 
measurement of ATP, the cells were washed 3 times with 
50 mM Tris-HC1 (pH 7.9). 
2. 7. pH jump 
A pH jump was achieved by moving the inlet tube of 
the flow chamber from a solution at the initial pH to a 
solution at the final pH. These solutions contained either 
sodium phosphate (10 mM) or sodium arsenate (10 mM), 
as appropriate, supplemented with 0.1 mM EDTA or Te- 
tren. A period of 21 s was required to fully replace the 
content of the chamber. The liquid medium in the field of 
view of the chamber flowed continuously at a constant 
average speed of 140 + 40 /zm/s (mean + S.D.), mea- 
sured as described [37]. Because of the continuous flow in 
the chamber, the extracellular pH was unaffected by proton 
fluxes across the membrane of the tethered bacteria. 
2.5. Deenergization of intact bacteria in the absence of 
arsenate 3. Results 
TA3952 (unc) cells were grown in H-I minimal medium 
as described above and washed three times in 50 mM 
potassium phosphate buffer (pH 7.65). The bacterial sus- 
pension was divided into 2 portions: one was incubated 
under good aeration at 35°C with the uncoupler DNP (3 
mM), and the other was incubated in the absence of DNP. 
Samples were withdrawn every half-hour, washed 3 times 
with the potassium phosphate buffer to remove the DNP, 
and examined for cell motility. In another approach, cells 
3.1. Deenergization ofE. coli cells 
In order to measure the effect of different polarities of 
PMF on flagellar otation, the rotation should be dependent 
on an exogenous upply of energy, i.e., the bacterial ceils 
should be depleted of internal energy sources. (Such cells 
will be denoted hereafter as deenergized.) However, in E. 
coli or in any other Gram-negative bacteria, complete 
deenergization leads to irreversible loss of motility [21]. 
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Table 1 
The effects of arsenate on E. coli cells 
Parameter measured Observation with 
Arsenate a Phosphate b 
Swimming 60-80% of the cells stopped within 2 h c No effect; continuous swimming d
Flagellar otation 30-40% of the originally rotating tethered cells stopped within 2 h No effect; continuous rotation 
ATP level Became undetected * (from an initial level of 2.9 + 0.9 mM) within < 60 s No change 
PMF f Became fully dissipated within 5 h No change 
a Incubation in 10 mM potassium arsenate. 
b Incubation in 10 mM potassium phosphate as a control. 
c The incubation with arsenate was at pH 7.5-8.5. The strain was RP437, wild type for chemotaxis. The rest of the cells (20-40%) were poorly motile and 
swam smoothly (without umbles), in agreement with previous observations [43,64]. 
d The cells exhibited normal random-walk-like swimming. 
e The detection limit was < 0.4 raM. The ATP drop was independent of the pH of the experiment (in the pH range 5.5-8.5). 
f To determine the PMF we measured the membrane potential (/tap.) at pH 7.65, where /tpH (defined as the difference between the intracellular and 
extracellular pH [pHin and pile×, respectively]) is considered to be zero [50,69] and /t~ equals the PMF, 
Our first step was, therefore, to find conditions under 
which E. coli cells can be deenergized for a time period 
sufficient for experimentation. 
Two published strategies for deenergization of E. coli 
or S. typhimurium cells have been proven to be efficient in 
studies of energy-dependent processes. (1) PMF dissipa- 
tion by an uncoupler (e.g., 2,4-dinitrophenol (DNP) [38]) 
in a H÷-ATPase (unc) mutant which cannot convert ATP 
to PMF (the ATP comes from glycolysis) [39,40]. (2) ATP 
depletion (and thereby PMF dissipation) by a variety of 
techniques, which involve arsenate treatment, incubation 
with the non-metabolizable glucose analog a-methylgluco- 
side in the presence of azide, and histidine starvation [41]. 
Since in the latter two techniques the ATP is not fully 
depleted [41], we tried to deenergize the bacteria by the 
former two published techniques, i.e., by DNP or arsenate 
treatment. DNP treatment of an E. coli unc mutant - as 
described in Section 2 - was found to be inappropriate for 
our purpose because deenergization of the cells without 
irreversible loss of motility could not be achieved. We 
therefore concentrated on arsenate treatment. 
Arsenate is structurally similar to phosphate and there- 
fore it depletes the cells of ATP by causing futile cycles of 
synthesis and spontaneous hydrolysis of ADP-arsenate 
[42,43]. The effects of arsenate on E. coli cells are sum- 
marized in Table 1. A significant portion of the free-swim- 
ming cells or the tethered cells became non-motile within 
2 h of incubation with arsenate. Motility could be only 
partially restored by withdrawal of arsenate. The ATP 
level dropped to below the detection limit within less than 
1 min, and the PMF gradually decreased and became fully 
dissipated (within the accuracy of the measuring tech- 
nique) within 5 h. This is consistent with arsenate causing 
a slow depletion of internal energy reserves. Control bacte- 
ria which were incubated in phosphate buffer for the same 
duration of time and under the same conditions remained 
fully energized and were vigorously motile. 
The fact that, after 2 h incubation with arsenate, 60-80% 
Table 2 
The effect of PMF polarity on the rotation of tethered cells 
pH jump Arsenate or Cell proportion (%) Sample 
phosphate reatment a Induced rotation b Continuous rotation c Induced size f 
(100%) 
CCW d CW d CCW d CW d stoppage  
7.5 --* 6.5 arsenate 29.2 0.5 67.6 g 2.7 g 0 185 
phosphate 3.7 0.4 93.8 2.1 0 243 
7.5 --* 8.5 arsenate 20.4 0 9.1 2.3 68.2 44 h 
phosphate 0 21.7 1.4 14.5 62.4 69 h 
a RP437 cells were divided into two aliquots. One aliquot was treated by potassium arsenate as described in Experimental Procedures, and the other was 
similarly treated but with potassium phosphate. 
b Tethered cells which started to rotate after the pH jump. 
c Tethered cells which rotated at both the initial and final pH values. 
d 'CCW cells' rotated exclusively in this direction. 'CW cells' rotated in both directions. 
e Tethered cells which stopped rotating after the pH jump. 
f The sample size was the total number of rotating cells in several observation fields combined. 
g Unlike phosphate-treated c lls, most of which were rotating almost continuously, most of the 'continuous' arsenate-treated cells did not rotate 
continuously. They rather made one or more rotations occasionally during the observation period which preceded the pH jump. To avoid doubtful cells, 
even cells which made only a single rotation during this 10-min observation period were considered for the purpose as 'continuous' cells. 
h These numbers are lower than in the experiments with acid shift because of detachment of tethered bacteria from the glass slide at pH 8.5. 
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of the free-swimming cells and 30-40% of the originally- 
rotating tethered cells became non-motile, enabled us mea- 
sure the effect of an artificially-imposed PMF on flagellar 
rotation. (The reason for the different effect of arsenate 
treatment, compared to other treatments, on motility is 
probably its different effect on degradative processes - see 
Section 4. The reason for the difference in motility be- 
tween free-swimming and tethered cells is not known; 
however, similar observations were made in Bacillus sub- 
tilis and Streptococcus sp., where conditions were found 
under which tethered cells rotated but free cells did not 
swim [44,45].) In the following experiments we used teth- 
ered cells. In practice we marked on the video screen those 
tethered cells which stopped rotating and we considered 
only these as apparently deenergized bacteria. 
3.2. Imposition of a positive gradient of PMF on arsenate- 
treated eenergized cells 
PMF was artificially imposed by a pH jump, i.e., by 
changing the extracellular pH (pHex). We chose to manip- 
ulate ApH rather than a~,  because the latter requires 
permeabilization of the outer membrane of the bacteria, 
and this results in changes in the level of intracellular ions 
and PHin [46,47]. 
A downward pH jump so as to impose a ApH of 
normal (positive, inwardly directed) polarity, caused a 
significant number of arsenate-treated c lls to rotate (Table 
2). The rest either did not respond or were not sufficiently 
deenergized and rotated even before the pH jump. The 
rotation started in most cases after a lag period of about 2 
min. Larger values of imposed ApH than those shown in 
the table shortened the lag time and increased the duration 
of the rotation. This lag may be either a reflection of a true 
physiological property of the motor (e.g., the motor might 
be 'charged' like a capacitor or brought o an active state 
before rotation can be initiated) or somehow the conse- 
quence of the arsenate ffect on the motor (similar to the 
effect of anionic uncouplers on the flagellar motor of 
Rhodopseudomonas sphaeroides, giving rise to delayed 
rotation [48]). 
The rotation induced by the pH jump was transient and 
its duration varied from a few revolutions to 5 min. The 
rotation rate often varied as well. The reason for the 
transient nature of the rotation could be diminished pH 
homeostasis intracellularly and consequently dissipation of 
the induced PMF. To examine whether or not this is the 
case, we determined the effect of arsenate on pHi,. As 
shown in Table 3, pHi, in arsenate-treated cells was 
affected by pHex, unlike non-treated E. coli cells which 
maintain pH homeostasis in the pH range 5.5-9.0 [49,50]. 
For example, under conditions that maintain pH homeosta- 
sis, the expected pHi, at pHex 5.5 is 7.4 (according to the 
formula (pHin = 7.6 + 0.1(pH~x - 7.6)) [50]). However, 
the measured pH in arsenate-treated cells was 6.5 (Table 
3). This indicates that arsenate-treated E. coli cells have 
Table 3 
Measured pHin of arsenate-treated cells in various pH~x values 
Arsenate " pH~x pHin + S.D. ~ 
- 7.50 7.61 _+0.03 (2) 
+ 7.50 7.85 _+ 0.10 (5) 
+ 5.50 6.54+0.17 (6) 
+ 7.50 ~ 6.10 " 6.61 _+0.14 (2) 
a Where indicated by a plus sign, RP437 cells were treated for 2 h with 
arsenate at pH 7.5 or 5.5 as described in Experimental Procedures. Where 
indicated by a minus sign, the ceils were incubated under similar condi- 
tions in Tris-HCl (50 mM, pH 7.5) plus Tetren (0.1 mM). 
b The number of determinations is given in parentheses. 
c Cells treated with arsenate for 2 h at pH 7.5 were centrifuged; the pellet 
was resuspended in the same arsenate solution but at pH 5.5, yielding a 
final pH 6.1 for the suspension. (This value varied slightly from experi- 
ment to experiment.) The intracellular pH was measured within 10 min. 
indeed a reduced capability of maintaining pH homeosta- 
sis. However, the observation that pHi, did not drop to the 
value of pHex suggests that the intracellular buffer capac- 
ity may still be quite high in the presence of arsenate. The 
drop in PHi, occurred within minutes. For example, fol- 
lowing a pH jump from 7.5 to 6.1 it dropped to pH 6.6 
within 10 min (Table 3). 
The induced rotation of all but one of the arsenate- 
treated cells was exclusively CCW (Table 2). The excep- 
tional cell alternated between both directions of rotation. 
In a control experiment with cells which had been 
incubated with potassium phosphate instead of potassium 
arsenate for the same duration of time, a large majority 
were rotating continuously even before the pH jump and 
were not affected by it (Table 2). A small number of 
non-rotating cells started to rotate in response to the pH 
jump (Table 2), but in this case the rotation was intermit- 
tent, non-transient, and there was practically no lag period 
(or a lag shorter than 1 rain) before the initiation of the 
rotation. This rotation was probably a response to the 
change in extracellular pH rather than a ApH-driven rota- 
tion. Here, too, except for one cell which had CW bias, all 
the rest rotated exclusively CCW. 
3.3. Imposition of a negative gradient of PMF on 
arsenate-treated deenergized cells 
A pH jump in the opposite direction, from pH 7.5 to 
8.5, caused rotation in a significant number of arsenate- 
treated cells (Table 2). All of them, without exception, 
rotated CCW. 
Initiation of rotation at pH 8.5 was observed in some of 
the control cells (suspended in phosphate buffer) as well, 
but all of them had a rotational bias in the opposite 
direction, CW (Table 2). The CW rotation of these cells 
was probably a consequence of the repellent response to 
alkaline pH [51-53]. 
A phenomenon that was observed upon shifting pHex to 
8.5 was massive detachment of tethered cells (both arsen- 
ate- and phosphate-treated cells). This could result from 
lower affinity between the flagella and the antibody at this 
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Table 4 
The effect of back and forth pEi jumps on the rotation of arsenate-treated 
cells 
Polarity of ApH pH jump Direction Sample Rotation 
of rotation size a time + S.D. b 
(min) 
positive 7.5 ~ 5.5 CCW 46 > 2.6 + 1.8 
negative 5.5 ~ 7.5 CCW 43 N.D. ~ 
a Combined from several experiments. 
b The rotation time was measured until the ceils stopped or until the pH 
of the flow medium was changed. Cells which were detached from the 
glass slide before stopping were not considered. 
c The rotation time could not be determined here because more than 70% 
of the cells were detached frora the glass slide soon after the pH jump. 
pH, or from reduced adsorption of the antibody to the glass 
slide. This detachment ot only reduced significantly the 
number of cells that could be assayed, but it was presum- 
ably a factor which could cause rotation by itself, i.e., by 
reduction of the number of tethered flagella from a few per 
cell (in a motionless cell) to one per cell (in a rotatable 
cell). For this reason the results of the alkaline pH jump 
should be considered on a qualitative basis only. A back 
and forth pH jump (see below) reduced this complication 
but did not eliminate it. 
3.4. Effect of back and forth pH jump on the rotation of 
arsenate-treated deenergized cells 
To compare the response of individual cells to positive 
and negative gradients of protons, we exposed the same 
observation field to a ApH of both polarities. Our observa- 
tion that arsenate-treated cells do not maintain pH home- 
ostasis, made this approach possible. We shifted pHex 
from 7.5 to 5.5, and after 10 min or more, when pHi, 
became sufficiently low (Table 3), we shifted pHex back to 
7.5. The results are shown in Table 4. Interestingly, all the 
cells but one in these samples were rotated by a single 
polarity of ApH. In other words, those cells which were 
rotated by a positive ApH were different from those which 
were rotated by a negative ApH. In both polarities of ApH 
all the cells rotated CCW. 
3.5. Chemotactic response is not the cause of the unidirec- 
tional rotation 
A significant observation i  Tables 2 and 4 is that the 
direction of rotation of the deenergized arsenate-treated 
cells was the same at both positive and negative ApH 
values. This is reminiscent of the observation made in 
Streptococcus wild-type cells, where the cells responded 
chemotactically to the increase in PHin and therefore re- 
tained the direction of rotation even when ApH was 
inverted [6,44]. (The inverted ApH causes a continuous 
proton efflux which, in turn, results in an increase in pHin 
that is sensed by the cell in wild-type bacteria but not in a 
non-chemotactic mutant. 'The switch responds to the change 
in PHin and consequently the direction of rotation may 
remain unchanged, being, as it were, reversed twice: once 
by the inverted PMF and once by the chemotactic re- 
sponse.) This possibility does not seem to be valid in our 
case because it has already been shown that chemotaxis 
inhibited in arsenate-treated c lls [54]. To verify this under 
our experimental conditions we (a) repeated the above 
experiments in a non-chemotactic mutant which is unable 
to respond to changes in pHin, and (b) studied the chemo- 
tactic responsiveness of arsenate-treated, wild-type cells to 
changes in PHin. 
To examine the effect of an artificially-imposed ApH 
on arsenate-treated cells of a non-chemotactic mutant, we 
used RP1091 which lacks the cytoplasmic hemotaxis 
proteins and rotates exclusively in the default direction of 
the motor, CCW. As in the experiment shown in Table 2, 
all the cells which started to rotate by the imposed ApH 
rotated CCW, independently of whether the imposed ApH 
was positive (pH 7.5 ~ 5.5) or negative (pH 7.5 ~ 8.5 or 
pH 5.5 ~ 7.5) (data not shown). These results are different 
from those obtained with a non-chemotactic mutant of 
Streptococcus p., where the direction of rotation de- 
pended on the polarity of the imposed ApH [22]. 
To determine the responsiveness of arsenate-treated 
wild-type cells to changes in pHin ,  we  exposed them to 
benzoate. Benzoate lowers pHin (all the more so in arsen- 
ate-treated cells which cannot maintain pH homeostasis) 
and thereby acts as a repellent [51-53]. As a control, we 
exposed the cells to indole, a repellent which does not 
affect pHi° [55]. As might be expected for cells which are 
non-chemotactic due to the absence of ATP, in both cases 
(up to 100 mM benzoate at pH 7.0 or up to 3.6 mM 
indole), all the rotating tethered cells (amounting to 60- 
70% of the cells which rotated prior to arsenate treatment) 
were exclusively CCW cells, unlike non-treated cells which 
acquired a strong CW-bias (data not shown). The repel- 
lents, however, did increase the frequency of pausing of 
the bacteria, possibly as a result of their direct inhibitory 
effect on the flagellar motor [56]. 
These results, taken together, seem to eliminate chemo- 
tactic response to changes in pH as a cause of the unidirec- 
tional rotation by both polarities of ApH in arsenate-treated 
cells. Other possible reasons for the unidirectional rotation 
and for the different sub-populations of cells responding to 
each polarity of ApH are discussed below. 
4. Discussion 
In this study we demonstrated that the flagellar motor of 
E. coli can be made to rotate by any polarity of PMF, as 
does the motor of Streptococcus [22]. This property may 
be physiologically significant in that it allows the cells to 
swim even if they encounter alkaline conditions which 
reverse the PMF. 
A striking difference between E. coli and Streptococ- 
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cus is our observation that the rotation of arsenate-treated 
E. coli cells is unidirectional (CCW), and that the sub- 
population driven by positive PMF is, in most cases, 
different from that driven by negative PMF. The cause of 
this rotational asymmetry is not known. It could be (a) a 
true physiological property of the E. coli motor, (b) a 
consequence of the cell deenergization, or (c) a result of an 
arsenate ffect on the motor function. (Since CW rotation 
requires a substantial PMF [43], one might argue that the 
PMF in our experiments i not sufficiently high for CW 
rotation. However, even if this were the case, motors 
locked in the CCW state should have rotated CW on 
inverting the PMF [22].) A distinction between the three 
possibilities mentioned is difficult because of the unavail- 
ability of a method to efficiently deenergize E. coli cells 
in the absence of arsenate (see below). 
In order to refrain from invoking a novel difference 
between E. coli and Streptococcus motors, our preference 
is the third possibility. We therefore speculate that arsenate 
(after prolonged incubation) restricts the rotation to CCW 
without changing the orientation of the switch. In other 
words, the interaction of arsenate with the switch-motor 
complex may have two effects: prevention of CW rotation 
by either polarity of the PMF, and prevention of switching 
between the rotational states of the switch. Consequently 
motors fixed in the CCW switch orientation will be rotated 
by a positive PMF (inward current of protons through the 
motor), and motors fixed in the CW switch orientation will 
be rotated by a negative PMF (outward current of protons). 
Support for this hypothesis comes from an independent 
study, in which arsenate addition to cytoplasm-free en- 
velopes immediately arrested fiagellar otation [57]. One of 
the interpretations of this phenomenon was direct motor 
inhibition by arsenate. It was proposed that the switch-mo- 
tor complex has phosphate-binding sites or phosphoryla- 
tion sites on its cytoplasmic side, and that the rotation 
ceases when arsenate binds to these sites or prevents the 
phosphorylation [57]. Such a possibility is in line with the 
data of this study. For example, it is possible that each of 
the force-generating units of the motor [58] has 
phosphate-binding sites or phosphorylation sites (one or 
more). Interaction of arsenate with a single force-gener- 
ating unit may be sufficient to stop the rotation. The 
postulated phosphate-binding sites or phosphorylation sites 
may be located, for example, on MotA (which is the 
proton channel of the motor [12,13]) or the switch proteins. 
According to this possibility, rotation can occur only when 
the phosphate-binding sites or phosphorylation sites are 
occupied by phosphate ions. When the bound phosphate 
ions are replaced, even partially, by arsenate ions, the 
motor is arrested. To examine the likelihood that arsenate 
binding to the motor arrests the rotation, we have consid- 
ered an extended Berg and Khan model for the motor 
[2,59,60]. The binding of arsenate may bring about a 
conformational change in the channel complex. This in 
turn may result in a steep rise in the pK of a proton 
binding site in the vicinity of the arsenate site. Simulations 
(not shown) indicate that such an effect can indeed convert 
the motor into a mechanical rectifier, rotating virtually 
only in the CCW direction independently of whether the 
switch orientation is CCW (with an inward-directed proton 
gradient) or CW (with an outward-directed gradient). Thus 
it is possible that in intact bacteria rsenate affects flagellar 
rotation not only by lowering the ATP pool (thereby 
decreasing the probability of CW rotation and later causing 
partial cessation of rotation), but also by interacting with 
the switch-motor complex. These mechanisms apparently 
occur simultaneously, but the effect of ATP depletion 
becomes evident earlier. 
This study required the use of deenergized bacteria. We 
used two approaches which have been proven efficient in 
other studies: DNP treatment of an unc mutant and arsen- 
ate treatment. The DNP treatment was proven successful 
for the purpose of loading E. coli cells with arsenate [39] 
or with Ca 2 ÷ [40]. Arsenate was found effective in motility 
studies [43,54,61-64]. In this study the cells could not be 
deenergized by DNP without irreversible impairment of 
motility. The difference between the effectiveness of this 
treatment in motility studies (this paper) and in transport 
studies [39,40] is probably due to the fact that motility, 
unlike some active transport processes, can occur at very 
low values of PMF [6,10,45,65]. The difference between 
arsenate treatment and other deenergization treatments i
that arsenate not only accelerates deenergization by way of 
interfering with ATP synthesis, but it presumably also 
inhibits intracellular, ATP-dependent degradation pro- 
cesses [66,67] which lead to impairment of motility and 
perhaps even to cell death. Thus, in arsenate-treated cells 
the ATP content is dissipated ([64] and this study) and 
ATP-dependent degradation processes cannot occur, 
whereas in arsenate-free c lls of an unc mutant he ATP 
level is high (but cannot be converted to PMF) [68] and 
ATP-dependent degradation processes can occur. 
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